INTRODUCTION
============

Breast cancer is one of the most common malignancies in women in the United States and a major cause of death among those in the age group of 35-60 yr ([@B1]). Chemotherapy is an established therapeutic modality for the treatment of breast cancer. Many successful developments have been made over the past few decades in the field of breast cancer treatment, however, it remains a highly dangerous disease. It is because drug responsiveness in individual patients varies and those who do not respond have a tendency toward higher rates of recurrence or metastasis. Raised thus is the need for individualized in vitro chemosensitivity assay. A number of in vitro methods, such as human tumor cloning assay (HCTA), tritiated thymidine incorporation assay (TIA), radioactive precursor incorporation assay, succinate dehydrogenase inhibition (SDI) test, 3-\[4,5-dimethylethiazol-2-yl\]-2, 5-diphenyltetrazolium bromide (MTT) assay, differential staining cytotoxicity (DiSC) assay, 3-dimensional agarose-based extreme drug resistance assay (EDRA), and histoculture drug response assay (HDRA), have been developed to predict therapeutic response and improve response rate and prognosis in individual patients ([@B2]-[@B5]). However, these assays have not gained popular clinical acceptance due to the considerable number of cells required, unexpected cell death and/or growth signals from contaminated normal cells, prolonged time needed to obtain results, and uncertain criteria for defining \"sensitivity\" or \"resistance\" ([@B2], [@B6], [@B7]).

The introduction of adenosine triphosphate-based chemotherapy response assay (ATP-CRA) has overcome these technical problems. Because intracellular ATP is the basic energy source for all living cells, decreased cellular ATP levels after treatment with chemotherapeutic drugs mean the loss of cell viability. ATP-CRA was found to have a substantial success rate in primary cell culture and requires only a small number of cells. It eliminates the problems caused by fibroblast contamination and can be performed relatively quickly ([@B6], [@B8]). Moreover, recent studies have found that ATP-CRA results predict chemosensitivity in patients with breast cancer ([@B9]).

Prognostic factors are used to aid clinical decision making and select the appropriate treatment for individual patients. Among prognostic factors, biological factors are the most important and integral ([@B10]). Tumor biological markers are able to predict the likelihood of a response to chemotherapy and can determine which agent would most likely be effective for each patient. Well-known biological factors for breast cancers are ER, PR, HER-2, p53, and Ki-67, which, along with histological factors, are widely used as prognostic factors ([@B17]). However, their role as predictive factors of chemotherapeutic responsiveness is obscure. Biological factors such as ER, PR, p53, Ki-67, and HER-2 are considered predictive or prognostic factors in the neoadjuvant setting ([@B11], [@B12]), but these factors are often contradictory and inconclusive because of heterogeneous patient populations and different chemotherapeutic regimens.

In the current study, we explored the possibility of histological and biological factors of breast cancers as predictive factors of chemoresponsiveness to specific chemotherapeutic agents using ATP-CRA.

MATERIALS AND METHODS
=====================

Patient selection and analysis of clinicopathologic parameters
--------------------------------------------------------------

Forty-nine patients newly diagnosed with breast cancer between July 2006 and January 2007 at Yongdong Severance Hospital, Yonsei University College of Medicine, Seoul, Korea, were enrolled in this study. This study was approved by the Institutional Review Board of Yonsei University Severance Hospital and written Informed consent was obtained from all participants. All patients were diagnosed as having invasive breast carcinoma by a pathologist. Case of only invasive ductal carcinoma, not otherwise specified (NOS) was included in this study. All tissues were fixed in 10% buffered formalin and embedded in paraffin. All archival hematoxylin and eosin (H&E)-stained slides for each case were reviewed by two pathologists. Histological grade was assessed using the modified Bloom-Richardson classification and nuclear grade was evaluated according to the modified Black\'s system (1=low, 2=intermediate, and 3=high) ([@B13]). Tubule formation score was evaluated as follow; score 1, tubule formation \>75% of tumor, score 2, tubule formation 10-75% of tumor, score 3, tubule formation \<10% of tumor. Mitosis was scored as follow; score 1, mitosis count 0-9/10 high power fields (HPFs), score 2, mitosis count 10-19/10 HPFs, score 3, mitosis count \>20/10 HPFs. Histologic parameters were analyzed from H&E-stained slides. Clinicopathologic parameters evaluated in each tumor included patient age at initial diagnosis, and sex.

Immunohistochemical staining
----------------------------

Immunohistochemical staining for ER, PR, HER-2, p53, and Ki-67 was performed on tissue blocks. Briefly, all immunostainings were performed using formalin-fixed, paraffin-embedded tissue sections. Five-µm-thick sections were obtained with a microtome, transferred onto adhesive slides, and dried at 62℃ for 30 min. After incubation with primary antibodies against ER (1:50 dilution; Dinona, Seoul, Korea), PR (1:100 dilution; Dinona), Her2/neu (1:250 dilution; Dako, Glostrup, Denmark), p53 (1:1,600 dilution; Dako), and Ki-67 (1:400 dilution; Novocastra, Newcastle, U.K.), immunodetection was performed with biotinylated antimouse immunoglobulin, followed by peroxidase-labeled streptavidin using a labeled streptavidin biotin kit with 3,3\'-diaminobenzidine chromogen as substrate. The primary antibody incubation step was omitted in negative controls. Slides were counterstained with Harris hematoxylin. Normal breast tissues entrapped within the block and appropriate control tissues were used as positive controls.

Interpretation of immunohistochemical staining
----------------------------------------------

All immunohistochemical markers were assessed by light microscopy. ER and PR immunohistochemistry signal was assessed using the Allred Score. Briefly, a proportion score was assigned representing the estimated proportion of positive staining tumor cells (0=none, 1≤1/100, 2=1/100 to \<1/10, 3=1/10 to \<1/3, 4=1/3-2/3, and 5≥2/3). The average estimated intensity of staining in positive cells was assigned an intensity score (0=none, 1=weak, 2=intermediate, and 3=strong). Proportion score and intensity score were added to obtain a total score that ranged from 0 to 8. A score of 0 to 2 was considered negative and 3 to 8 was considered positive. HER-2 immunostaining was considered positive when strong (3^+^) membranous staining was observed in at least 10% of tumor cells whereas cases with 0 to 2^+^ were regarded as negative.

Breast cancer subtyping was done based on immunohistochemical staining results for ER, PR, and HER-2. We defined the basal-like subtypes as ER-, PR-, and HER-2-; HER-2+/ER- subtypes as ER-, PR-, and HER-2+; luminal A subtypes as ER+ or PR+; and HER-2 - and luminal B subtypes as ER+ or PR+ and HER-2+.

Immunohistochemical staining results of p53 were considered positive when more than 10% of tumor cell nuclei were stained. Immunohistochemical staining of Ki-67 was scored by counting the number of positively stained nuclei and expressed as a percentage of total tumor cells. These results were classified as follows: Group 1: ≤10%, Group 2: 10-29%, and Group 3: ≥30%. All samples were evaluated without knowledge of ATP-CRA results.

ATP-CRA methodology
-------------------

ATP-CRA was performed as described ([@B14]). Tumor tissues were stored in Hank\'s balanced salt solution (Gibco BRL, Rockville, MD, U.S.A.) containing 100 IU/mL of penicillin (Sigma, St. Louis, MO, U.S.A.), 100 µg/mL of streptomycin (Sigma), 100 µg/mL of gentamicin (Gibco BRL), 2.5 µg/mL of amphotericin B (Gibco BRL), and 5% fetal bovine serum (Gibco BRL). When required, tissues were washed, quantitated, minced, and then incubated with a mixture of dispase, pronase, and DNase (Sigma) for 12-16 hr at 37℃. Isolated cells were separated from tissue fragments by passing through a cell strainer (BD Falcon, Bedford, MA, U.S.A.). Tumor cells were separated from dead cells and red blood cells by ficoll (1.077 g/mL) gradient centrifugation at 400 G for 15 min. When a sufficient amount of cells were isolated, blood-derived normal cells were removed using anti-CD45 antibody conjugated magnetic beads (Miltenyi Biotech, Auburn, CA, U.S.A.) ([@B15]). The separated tumor cell preparation was suspended in IMDM (Gibco BRL) including 10% FBS. Cells were then diluted to a cell concentration between 2000 and 20,000 viable cells/100 µL for plating into a 96-well ultra low attachment (ULA) microplate (Costar, Cambridge, MA, U.S.A.) with or without anticancer drugs and cultured for 48 hr in a CO~2~ incubator. The cytotoxic agents selected for assay were those commonly used in the treatment of breast cancer: 5-FU, doxetaxel, doxorubicin, epirubicin, and paclitaxel.

Test drug concentration (TDC) was determined by preliminary experiment that exhibited scattered distribution of cell death from each specimen ([@B20], [@B21]). The TDCs used were as follows: 5-FU, 50 µg/mL; doxetaxel, 3.7 µg/mL; doxorubicin, 1.5 µg/mL; epirubicin, 1.2 µg/mL; and paclitaxel, 8.5 µg/mL. To measure ATP level, ATP in the cell lysate was reacted with luciferin and excessive luciferase (Roche, Mannheim, Germany) using Victor 3 multilabel counter (PerkinElmer, Boston, MA, U.S.A.). Excel-based raw data was analyzed by Report Maker version 1.1 (ISU ABXIS, Seoul, Korea). Briefly, the cell death rate for each drug was calculated as follows: cell death rate (%)=(1-\[mean luminescence in treated group/mean luminescence in untreated controls group\])×100. To calculate the intra-assay mean coefficient of variation (CV), luminescence values of each specimen were measured 3-6 times in negative and positive control groups. We then determined whether measured values at 280 pg of ATP were higher than at 105 pg of ATP. If microorganism contamination was present, if there was an inadequate number of cells, or if the intra-assay mean CV exceeded 30, the test concerned was considered a failure. If measured values in the untreated control group were lower than in the positive group (105 pg of ATP), the specimen was considered to have unacceptable viability.

Statistical analysis
--------------------

Statistical analyses were carried out using SPSS for Windows version 12.0 (SPSS Inc., Chicago, IL, U.S.A.). The statistical significance of any differences observed for the expression of biological markers and histologic factors in response to cytotoxic drugs was calculated using t-test. Variables having more than 3 groups (histologic grade, tubule formation score, nuclear grade, mitosis score, and Ki-67) were analyzed with 1-way ANOVA and Turkey b multiple comparison test.

RESULTS
=======

Patient and tumor characteristics
---------------------------------

Patient and tumor characteristics are summarized in [Table 1](#T1){ref-type="table"}. Forty-six patients were included in this study. All patients were women with a mean age of 50.1±10.5 yr (range, 35-76 yr). Histologic grade was scored as follows: grade I, 11 cases (23.9%); grade II, 25 (54.3%); and grade III, 10 (21.7%). Tubule or gland formation score was also evaluated. Thirty-four cases (73.9%) had tubule formation score 3, 7 (15.2%) had score 2, and 5 had (10.9%) score 1. Cases of nuclear grade 1 were 6 (13.0%), nuclear grade 2 were 28 (60.9%), and nuclear grade 3 were 15 (26.1%). The cases with mitosis score 1 were 29 (63.0%), score 2 were 10 (21.7%), and score 3 were 7 (15.2%). Thirty-four cases (73.9%) were ER positive and 31 (67.4%) were PR positive. Thirty-five cases (77.6%) were considered HER-2- and 11 (23.9%) were classified as HER-2+. The staining results of Ki-67 were scored as follows: group 1, 39 cases (84.8%); group 2, 3 (6.5%); and group 3, 4 (8.7 %). Twenty-seven cases (58.7%) were p53 negative.

In vitro drug sensitivity of breast cancer cells by ATP-CRA
-----------------------------------------------------------

A list of the chemotherapeutic agents tested and their corresponding results are presented in [Table 2](#T2){ref-type="table"}. The cell death rate ranged from 0.0 to 92.7%. The results showed that paclitaxel had the narrowest range of cytotoxic effects (0.0-62.4%) with the lowest mean cell death rate (19.7%) and epirubicin had the widest range of cytotoxic effects (0.1-92.7%) with the highest mean cell death rate (46.4%).

Correlation between ATP-CRA results and tumor histologic factors
----------------------------------------------------------------

Various histologic factors (histologic grade, tubule or gland formation, nuclear grade, and mitosis) were analyzed to assess any association between these factors and breast cancer cell response to cytotoxic agents. [Table 3](#T3){ref-type="table"} shows the correlation between ATP-CRA results and tumor histologic factors. The response to doxorubicin (*P*\<0.001), epirubicin (*P*=0.015), and paclitaxel (*P*=0.003) significantly increased as histologic grade increased. Multiple comparison tests revealed that there was a significant difference between grade I and III and between II and III in all of these agents. In all cytotoxic agents, higher cell death rate was noted in tubule formation score 1 and 3 than score 2, which was also true in nuclear grade scores. Epirubicin (*P*=0.013) revealed significant differences between score 1 and 2 and between score 2 and 3. Higher cell death rates were noted in nuclear grade 1 and 3 than grade 2. Doxorubicin (*P*=0.011), epirubicin (*P*=0.022), and paclitaxel (*P*=0.013) revealed significant differences. Multiple comparison tests showed that there was a significant difference between nuclear grade1 and 3 and between nuclear grade 2 and 3 only in doxorubicin and epirubicin.

As mitosis score increased, cell death rate increased in doxorubicin, epirubicin, and paclitaxel. Doxorubicin (*P*=0.013) and paclitaxel (*P*=0.033) showed significant differences. However, multiple comparison analysis revealed that a significant difference was noted between mitosis score 1 and score 3 in doxorubicin only.

Correlation between ATP-CRA results and tumor biological factors
----------------------------------------------------------------

Expression of various biological factors (ER, PR, HER-2, Ki-67, and p53) as determined by immunohistochemistry were analyzed to assess any association between these factors and breast cancer cell response to cytotoxic agents. [Table 4](#T4){ref-type="table"} demonstrates the correlation between ATP-CRA results and various tumor biological factors. All cytotoxic agents showed a trend toward higher cell death rate in ER-negative breast cancer. A significant difference was observed in doxorubicin (*P*=0.038). Similar results were observed in response to PR status. All cytotoxic agents represented high cell death rate in PR-negative tumors. 5-FU, doxetaxel, doxorubicin, epirubicin, and paclitaxel showed significant differences (*P*=0.039, 0.028, 0.000, 0.021, and 0.007, respectively). There was a tendency toward higher cell death rate in HER-2+ tumors. However, epirubicin (*P*=0.034) and paclitaxel (*P*=0.031) showed significant difference. As for the Ki-67 index, group 3 showed the highest rate of cell death, but statistical significance was noted between group1and 3 and between group 2 and 3 in 5-FU (*P*=0.005) and between group 2 and 3 in paclitaxel (*P*=0.025) only. Expression of p53 was not found to be related to tumor response to chemotherapy. Lastly, the HER-2+/ER- subtype showed the highest cell inhibition rate among all other subtypes in all cytotoxic agents. A significant difference was observed in doxorubicin (*P*=0.008).

DISCUSSION
==========

Aided by recent developments in chemotherapeutic modalities, survival rates of breast cancer patients continue to rise. As demonstrated by the increased overall and disease-free survival in patient groups who show pathologic complete response after neoadjuvant chemotherapy ([@B18]), it is of utmost importance that chemoresponsiveness in breast cancer patients can be predicted. In this study, the in vitro chemosensitivity ATP-CRA test was used to correlate the chemosensitivity of given tumors to specific chemotherapeutic agents with various histological and biological factors to ascertain their possibility as predictive factors of chemoresponsiveness.

Traditionally, histologic grade has been known as an important prognostic factor related to survival of patients receiving preoperative chemotherapy ([@B18]), yet in our study, it was also shown to be positively correlated with the chemoresponsiveness to doxorubicin (*P*\<0.001), epirubicin (*P*=0.015), and paclitaxel (*P*=0.003). Previous reports of in vitro chemosensitivity studies did not include evaluations of chemoresponsiveness according to histologic grade. Moreover, our study stands out by the fact that we were able to evaluate chemoresponsiveness to a single agent as opposed to clinical trials that are mostly about combined chemotherapy. Chemoresponsiveness according to scores on tubule formation and nuclear grades, 2 histological factors that together determine histologic grade, was also analyzed. Epirubicin (*P*=0.013) showed higher tumor cell death in tubule formation score 1 and 3 than score 2. It is well known that tumors with tubule formation score 3 show higher cell death rate as tumors with minimal tubule formation generally have higher nuclear grade and mitotic count, and hence higher chemoresponsiveness. However, the same result for tumors with score 1 for tubule formation is somewhat unexpected. Since there is no published data on chemoresponsiveness according to the degree of tubule formation in breast cancer, further research is necessary. In doxorubicin (*P*=0.011), tumors of nuclear grade 3 showed higher tumor cell death rate. This result concurs with a previous report stating that tumors with higher nuclear grade show higher rates of complete response to chemotherapy compared to those with lower nuclear grade ([@B20]). Tumors with high mitotic rates and Ki-67 scores, both of which are proliferative indices of tumor cell proliferation, have demonstrated increased response to cytotoxic agents, the former especially to doxorubicin (*P*=0.013) and the latter to 5-FU (*P*=0.005) and paclitaxel (*P*=0.025). There are contrasting views on the Ki-67 index, with some suggesting that it has no relevance to chemoresponsiveness ([@B19]) while others report that rapidly proliferating tumors with a high Ki-67 index have better response to chemotherapy and those with a lower Ki-67 index show good response to hormone therapy ([@B21]). These reports were based on combined chemoendocrine therapy and thus, the proliferation markers must have lost their predictive capacity in the studies. Additionally, this discordance may be attributable to the absence of a uniform methodology for staining and counting of the Ki-67 index. In this study, ER- and PR-negative tumors showed higher response to chemotherapy, which is in agreement with previous reports ([@B22]). According to Kiang et al., ER-positive tumors respond better to chemotherapy ([@B23]), and yet others report that ER and PR are not related to responsiveness to chemotherapy ([@B4]). Such discrepancies are due to differences in methods of ER and PR assays, diagnostic criteria, and chemotherapeutic regimens. With regard to diagnostic criteria, reports that have established no relevance of ER or PR to chemoresponsiveness had regarded tumors as ER or PR positive when tumors show positive reactions in more than 10% of the tumor cells, precluding those with strong immunoreactivity in less than 10%. We have chosen to include both in the positive immunoreactive group and as such, we have found that about 15% of the tumors previously stated to be ER-negative are, in fact, ER-positive. Our results show that PR-negative tumors respond better to all chemotherapeutic agents with statistical significance. PR has been known to be a weak prognostic and predictive factor compared to ER but in our study, it has shown itself to be better. Over the years, much has been learned about chemoresponsiveness according to HER-2 expression. Pritchard et al. have stated that tumors with HER-2 amplification respond better to anthracycline-containing chemotherapy ([@B24]), whereas other investigators have reported that either HER-2 overexpression is responsible for the poor response to chemotherapy ([@B27]) or it has no relevance at all ([@B25]). Our study, in contrast, showed that overexpression of HER-2 was positively correlated with chemoresponsiveness, especially in epirubicin (*P*=0.034) and paclitaxel (*P*=0.031).

Tumors were divided into 4 subtypes according to the staining patterns of ER, PR, and HER-2. The HER2+/ER- subtype had the highest chemoresponsiveness, especially to doxorubicin (*P*=0.008). There are reports that basal-like type (ER-, PR-, and HER-2-) and HER-2+/ER- type respond well to doxorubicin/doxetaxel ([@B26]), which is explained by the fact these types show high expression of proliferation gene cluster on gene cluster analysis although they are suggested to have different genes for chemosensitivity. Our findings showed that tumors of the HER-2+/ER- subtype responded well to doxorubicin, suggesting that they are related to topoisomerase IIα(Topo II) gene amplification. Topo II is an enzyme linked to cell transcription, replication, and the repair process ([@B27]). It is a major target of the anthracycline doxorubicin. Hence, it is proposed as a chemosensitivity marker in anthracycline-containing therapy in both in vivo and in vitro studies ([@B28]). Topo II is reported to be amplified in HER-2+/ER-subtypes of breast cancer ([@B29]), supporting the data in our study.

Still, there are a few limitations in our study. First, it is not in vivo, but in vitro. Whether the results can be appropriately applied to the clinical setting is doubted. However, previous reports have stated that the concordance rate of ATP-CRA results and clinical response is up to 85% ([@B9]). Therefore, our results can be applied to the clinical setting. Unlike clinical trials on patients who received combined chemotherapy, we had the advantage of evaluating chemoresponsiveness to a single agent. Our second limitation lies in the lack of corroboration of HER-2 amplification by FISH and the lack of molecular classification by DNA microarray when subtyping the breast tumors. Subtyping the tumors based on immunohistochemical stain results of ER, PR, and HER-2 alone can be said to be a shortcoming, however, it is thought to be overcome by the high concordance rate of DNA microarray and immunohistochemical results ([@B30]).

In conclusion, ATP-CRA has shown that a few histological and biological factors in breast cancers have significance as predictive factors of chemoresponsiveness to specific agents. Tumors with high histologic grade and nuclear grade 3 have higher response rates to doxorubicin. ER-negative tumors respond well to doxorubicin and PR-negative tumors respond well to all chemotherapeutic agents. The HER-2+/ER- subtype of breast cancer, when subtyped by immunohistochemical stain results, has a higher response rate to doxorubicin. This in vitro result suggests that the combination of histologic and nuclear grade, hormone receptor, and HER-2 status can be a predictive factor of response to specific chemotherapy agents. Further in vivo study should be followed for clinical trials.
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ATP, adenosine triphosphate; 5-FU, 5-fluorouracil.
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^\*^The same letters indicate nonsignificant difference between groups based on Tukey\'s multiple comparison test.

ATP-CRA, adenosine triphosphate-based chemotherapy response assay; 5-FU, 5-fluorouracil; ER, estrogen receptor; PR, progesterone receptor; HER-2, human epidermal growth factor receptor 2.
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ATP-CRA, adenosine triphosphate-based chemotherapy response assay; 5-FU, 5-fluorouracil; IHC, immunohistochemical stain; ER, estrogen receptor; PR, progesterone receptor; HER-2, human epidermal growth factor receptor 2.
